INTRODUCTION
Parkinson's disease (PD), a prevalent chronic neurodegenerative disease affecting millions of people, 1-3 is epitomized by a progressive loss of dopaminergic neurons in the substantia nigra (SN) pars compacta (SNpc), which leads to a dopamine (DA) deficit in the primary projection site; the striatum. The consequent dysregulation of neural circuits, particularly the basal ganglia, causes impairment of both motor and non-motor functions. [4] [5] [6] Current treatments provide only symptomatic relief, without arresting the progressive loss of DA neurons. Additionally, these treatments carry significant side effects, such as dyskinesia and motor fluctuations, and they eventually become ineffective. 7 Therefore, an important unsolved challenge is to develop treatments capable of slowing or reversing the progressive neurodegeneration. Unfortunately, virtually all potential disease-modifying interventions have been unsuccessful to date. 8 Glial cell-line-derived neurotrophic factor (GDNF) and GDNF family ligand neurturin (NRTN) are the most potent agents known to protect DA neurons affected in PD, 9, 10 although many neurotrophic factors, including platelet-derived growth factor (PDGF), cerebral dopaminergic neurotrophic factor (CDNF), and insulin-like growth factor-1 (IGF-1) have been identified experimentally to be neuroprotective in PD models. 11, 12 Considering that the cause of nigral DA neuron loss in PD is still poorly understood, the use of GDNF as a therapeutic molecule is compelling since it can protect neurons from a variety of insults that cause damage through different mechanisms. 13, 14 However, when delivered peripherally, GDNF does not cross the bloodbrain barrier (BBB), posing a substantial technical challenge for therapeutic application. Direct brain injection of either GDNF protein or NRTN-expressing vectors was tested in animal models rather successfully, but its therapeutic efficacy was not confirmed in clinical trials. [15] [16] [17] [18] The lack of translatability from experimental settings to the clinic 19 is likely due to insufficient diffusion of GDNF to areas of neurodegeneration, which are substantially larger in human brain. [16] [17] [18] Along the same lines, impairment of axonal (retrograde) transport in PD patients may also limit effectiveness of neurotrophic factor delivery to the distal SN, where the protein product was intended to be transported to achieve a robust neurotrophic response. 20, 21 To overcome these limitations, we previously introduced an entirely novel strategy-hematopoietic stem cell (HSC) transplantation (HSCT)-based macrophage-mediated GDNF delivery. 22 This approach capitalizes on the propensity of macrophages (a progeny of HSCs) to home to sites of neurodegeneration. Sustained therapeutic macrophage levels are maintained by HSCs modified with highly efficient lentiviral transduction. Bone marrow HSCs were harvested and transduced ex vivo with lentivirus expressing either the GDNF or NRTN gene driven by our highly active macrophage synthetic promoter (MSP) followed by transplantation into recipient mice. The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was administered to the animals to induce PD-like dopaminergic neurodegeneration. Subsequently, HSC-derived macrophages infiltrated and homed to neurodegenerating sites within the brain. Macrophage-mediated GDNF or NRTN delivery significantly ameliorated MPTP-induced degeneration of tyrosine hydroxylase-positive (TH + ) neurons of the SN and TH+ terminals in the striatum, stimulated axon regeneration, and ameliorated the decline in general ambulatory activity. However, a caveat of these initial studies was the use of wholebody irradiation for HSCT pre-conditioning, potentially compromising the integrity of the BBB and/or inducing neuroinflammation. Therefore, further studies were performed using a head-shielded irradiation procedure, clearly indicating that macrophage infiltration into SN required neurodegeneration and was not simply a consequence of BBB disruption. Moreover, we showed that GDNF expression/delivery was controllable using a doxycycline-regulated lentiviral vector. More recently, MitoPark mice were employed to recapitulate chronic/progressive neurodegeneration in PD and compensate for limitations of the acute neuronal injury in the MPTP model. MitoPark mice exhibit both PD-like motor and non-motor dysfunction. Using this genetic model, we validated our previous work from the toxin model and confirmed the effectiveness of our approach to mitigate PD-like neurodegeneration, motor deficits, and non-motor impairment. [22] [23] [24] [25] However, conventional HSCT requires high-dose chemotherapy and/or irradiation, 26 which can trigger both short-term and long-term adverse effects, which may limit clinical utility due to unfavorable benefit-toharm ratio in PD patients. 26 To solve this problem, we recently conceptualized and developed a novel non-toxic HSCT technology. Here, we report a combined study in the MitoPark mouse model of PD. The results of this study not only confirmed the dispensability of procedureassociated brain conditioning for macrophage CNS infiltration but also revealed that non-toxic HSCT-based macrophage-mediated delivery of GDNF effectively protected against dopaminergic neurodegeneration in MitoPark mice, leading to significant reversal of both motor and non-motor dysfunction, while remaining free of adverse effects.
RESULTS

Non-toxic HSCT Was Achievable through Mobilization-Aided Conditioning
At physiologic steady state, the majority of HSCs reside within specialized bone marrow niches. However, 1%-5% leave the niche and enter circulation each day. 27 Egress of HSCs is dramatically increased by administration of mobilizers such as granulocyte colony-stimulating factor (G-CSF), 28 either alone or in combination with additional pharmacological agents, like AMD3100, 29 a CXCR4 antagonist. Administration of mobilizers increases the population of HSCs circulating in the peripheral blood, which, consequently, is the basic mechanism underlying collection of peripheral blood donor stem cells in the clinic. Importantly, the increased HSC egress also creates temporary voids within the bone marrow niches. We hypothesized that donor cells infused during peak mobilization would mix in the peripheral blood with mobilized endogenous bone marrow cells, and by infusing large numbers of donor cells, they would compete with endogenous cells to repopulate mobilization-induced void in the niche, leading to favorable kinetics of donor cell engraftment. In humans, this process could be improved further by removing mobilized endogenous stem cells via apheresis immediately prior to donor cell infusion. Due to size limitations, apheresis cannot be reconfigured to test the removal of endogenous cells in mice. Thus, we skewed the probability of donor cell engraftment by infusing superior numbers of donor cells into recipients. This concept is illustrated in Figure 1A and can be represented by a mathematical model ( Figure 1B ). To test our mobilization-based, non-cytotoxic conditioning regimen, we transplanted 10-week-old female wild-type C57BL/6J mice (n = 3) with 2.0 Â 10 6 lineage-negative (HSCs-enriched) C57BL/ 6J GFP + bone marrow cells via tail vein injections after receiving mobilization factors. This procedure was repeated every 2 weeks for a total of seven transplantation cycles. Donor cell engraftment was estimated by measuring recipient peripheral blood donor chimerism (GFP + ) via flow cytometry at various time points after transplantation. Because only long-term HSCs (LT-HSCs) are capable of longterm self-renewal and continued contribution to hematopoiesis 4 months post-transplant, 30 we collected peripheral blood samples at 1 or 4 months post-transplant to assess chimerism and longterm donor cell reconstitution. Figure 2 shows the percentage of GFP + donor cells after each cycle of transplantation, demonstrating that donor chimerism increased with every transplantation cycle, stabilizing at $77% by 4 months post 7 th cycle, in agreement with our mathematical model ( Figure 1B , "a" was set at 0.25 and "d" was set at 0.80). These findings in females were confirmed in male C57BL/ 6J wild-type mice (n = 4) transplanted with C57BL/6J GFP + HSCs for seven cycles as described. We detected minimal donor chimerism (1.24% ± 0.75% 1 month post-HSCT and 1.12% ± 0.23% 4 months post-HSCT) following a single HSCT cycle performed in non-mobilized control mice ( Figures 2C and 2D ), consistent with previous reports. 31, 32 Flow cytometric analysis of peripheral blood samples 5 months after the final transplant revealed high GFP + donor chimerism for both myeloid and lymphoid lineages in circulation ( Figures  3A and 3B ). Shortly thereafter, these mice were euthanized for bone marrow cell analysis ( Figure 3C ). Because bone marrow lineage-negative (Lin À ), Sca1-positive, c-Kit-positive (LSK) cells are responsible for long-term competitive repopulation capacity of the hematopoietic system, 33, 34 we focused bone marrow analysis on GFP + donor LSK + cell populations. Flow cytometry revealed that approximately 6% of the lineage-negative bone marrow consisted of LSK cells ( Figure 3D ), agreeing with previous findings. 35 Importantly, within the LSK population, $80% were donorderived GFP + cells, similar to the donor chimerism level of 77% observed in the peripheral blood.
HSCT-Based GDNF Delivery Relieved Progressive Motor and Non-motor Dysfunction in MitoPark Mice
To assess the therapeutic effects of non-toxic HSCT-based, macrophage-mediated GDNF delivery on functional deficits in MitoPark mice, we initiated the transplant protocol at 14 weeks of age when MitoPark mice begin to exhibit spontaneous motor deficits and non-motor phenotypes. Thereafter, the mobilization-aided HSCT procedure was repeated once every 2 weeks on all experimental groups up to seven cycles, as described. Spontaneous horizontal and vertical locomotor activities were measured before and after each HSCT cycle. As shown in Figures 4A and 3B, at 14 weeks of age and prior to HSCT, the MitoPark mice had developed PD-like motor deficits with a 49.7% and 54.3% decline in horizontal and vertical activities, respectively (as a baseline) compared with normal control mice. The Mito-LT-MSP-GFP group displayed further progressive decline from baseline with age, as is typical of the MitoPark mouse model. 36 During the 18-week treatment period (14 to 32 weeks of age), Mito-LT-MSP-GFP mice exhibited a further decline of 84.8% in horizontal activity and 91.6% in vertical activity (Figures 4A and 4B) . In contrast, the Mito-LT-MSP-hGDNF-2A-GFP (expressing both hGDNF and GFP at equal levels to facilitate tracking) and Mito-LT-MSP-hGDNF groups showed increases in horizontal (36.2% and 46.3%) and vertical (45.2% and 54.9%) activities relative to baseline. The therapeutic effects of non-toxic HSCT-based GDNF delivery on the non-motor parameters, cognitive ability, and anhedonia, were determined by a novel-object recognition test (NOR) and the sucrose preference test (SPT), respectively. As shown in Figure 4C , all MitoPark mouse groups exhibited cognitive impairment before HSCT, as indicated by a 40.2% lower discrimination in- dex compared with normal control mice. The Mito-LT-MSP-GFP group exhibited progressive impairment in cognitive function with an 88.4% decrease in discrimination index from baseline during the 18-week period, whereas Mito-LT-MSP-hGDNF-2A-GFP and Mito-LT-MSP-hGDNF groups revealed 65.4% and 66.8% improvement from the baseline, respectively, after seven cycles of HSCT-based GDNF therapy. Sucrose preference before HSCT was significantly lower in MitoPark mice compared to normal control mice, averaging 70.7%. The LT-MSP-GFP-transplanted MitoPark also showed progressive reduction of sucrose preference scores. Notably, sucrose preference in LT-MSP-hGDNF-2A-GFP-and LT-MSP-hGDNF-transplanted MitoPark mice was restored to 96.5% of normal control levels after multiple cycles of HSCT ( Figure 4D ). Together, these data indicate that the non-toxic HSCT-based macrophage-mediated GDNF delivery not only prevented further motor and non-motor functional decline but also led to a significant improvement in the deficits observed in MitoPark mice.
HSCT-Based GDNF Delivery Reduced DA Neuronal Loss and Protected against Degeneration of Dopaminergic Terminals
Four weeks after the last HSCT cycle, brains were collected from all recipient mice. To assess the neuroprotective effects of HSCT-based GDNF delivery on the nigrostriatal dopaminergic system, we performed quantitative analyses of TH + neurons in the SNpc and the ventral tegmental area (VTA) and density of TH + terminals in the striatum. As shown by TH immunohistochemistry of midbrain sections in Figures 5D ). High intensity TH staining was observed in the striatum of LT-MSP-GFP-transplanted normal control mice, whereas a 66% decrease in TH stain intensity was seen in the LT-MSP-GFP-transplanted MitoPark mice, indicative of a dramatic loss of dopaminergic terminal fibers. In striking contrast, the LT-MSP-hGDNF-2A-GFP-and LT-MSP-hGDNF-transplanted MitoPark mice displayed preserved (79% and 67%, respectively) intensities of striatal TH + terminals (Figures 5E and 5F), indicating that the degeneration of striatal dopaminergic terminals in MitoPark mice was also mitigated by this approach.
Gene-Modified Macrophages Selectively Infiltrated the Area of Neurodegeneration
To investigate whether bone-marrow-derived gene-modified macrophages infiltrated the sites of DA neuron degeneration, we examined midbrain sections stained with TH and Iba1 (microglia/macrophage marker) by fluorescent immunohistochemistry. The normal control mice showed abundant TH-stained DA neurons (in red) in the SN without GFP + macrophage (in green) infiltration ( Figure 6A ). In contrast, the LT-MSP-GFP-transplanted MitoPark mice exhibited severe loss of DA neurons, which was accompanied by a marked infiltration of GFP-expressing macrophages into the SN. Similarly, midbrain sections from the LT-hGDNF-2A-GFP-transplanted MitoPark mice exhibited marked infiltration of GFP + /hGDNF-expressing macrophages into the SN ( Figure 6A ). Furthermore, we quantified the proportion of HSCT-derived gene-modified macrophages among the total population of Iba1-positive cells. In the SN of LT-MSP-GFP-MitoPark mice, 52.3% of microglia were of donor origin, whereas only 7.8% of microglia were of donor origin in the LT-MSP-GFP-transplanted normal control mice ( Figures 6B and 6C ). Similar levels of bone-marrow-derived genemodified macrophage infiltration into sites of DA neuron degeneration were observed in the VTA ( Figures 6D and 6E ), which plays an important role in cognition and motivation, among other processes. 37, 38 In addition to studying the SN and VTA, we investigated whether the bone marrow-derived gene-modified macrophages infiltrated other regions of the mid-brain. GFP-expressing cells were rarely found in these regions of the brain ( Figure S1 ), suggesting selective homing of HSCderived macrophages to sites of prominent neurodegeneration in the SN and VTA of MitoPark mice.
Disease-associated disruption of the BBB has been proposed as necessary for bone-marrow-derived macrophages to infiltrate to sites of neural injury in conditions such as PD. BBB breakdown has been confirmed in amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD), epilepsy, and multiple sclerosis (MS); however, whether BBB breakdown occurs in PD remains controversial. 39 Controlled, regulated trafficking of peripheral immune cells into the CNS has been reported in the absence of overt disruption of the BBB. 40, 41 We used the Evans blue (EB) dye extravasation technique to evaluate BBB permeability in our mouse model. EB did not permeate the BBB of saline treated wild-type mice (negative control), whereas BBB disruption by high-dose peripheral lipopolysaccharide (LPS) allowed a significant increase in EB penetration into the brain (positive control). MitoPark mice did not exhibit increased permeability compared with wild-type littermates, suggesting that the BBB is not compromised in the MitoPark mouse model 39, 42 (Figure S2 ). Similarly, permeability of the BBB to low molecular weight ($10 kDa) fluorescein isothiocyanate (FITC)-dextran was increased by peripheral LPS administration, but not by MitoPark genotype (data not shown). It is possible that other unidentified non-structural changes of BBB 42 www.moleculartherapy.org physiology may occur to contribute to macrophage infiltration, as bone marrow-derived macrophages were observed in the brain parenchyma of these mice ( Figure 6 ).
HSCT-Based GDNF Delivery Protected against Loss of Striatal DA and Its Metabolites
At the termination of the experiment, we compared GDNF levels in the plasma, SN, and striatum between the different treatment groups. Compared with control groups (LT-MSP-GFP-transplanted Mito-Park and normal control mice), we saw a significant increase in plasma GDNF levels in the LT-MSP-hGDNF-2A-GFP and LT-MSP-hGDNF MitoPark mice ( Figure 7A ). Importantly, GDNF levels were increased by $7-fold and $4.5-fold in the SN and striatum, respectively, of these mice ( Figures 7B and 7C ) compared to control groups. Striatal levels of DA and its major metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), in LT-MSP-GFP-transplanted MitoPark mice were reduced by $90% compared to LT-MSP-GFP-transplanted normal control. In contrast, LT-MSP-hGDNF-2A-GFP-and LT-MSP-hGDNF-transplanted MitoPark mice exhibited restorations of striatal DA, DOPAC, and HVA, reaching approximately 84%, 86%, and 83% of levels measured in normal control mice ( Figures 7D-7F ). Taken together, these data indicate that the HSCT-based therapeutic approach can deliver GDNF effectively to the brain regions most affected during PD progression, leading to recovery of striatal DA levels. Restoration of DA levels is very likely responsible for the improved motor activities and mitigation of non-motor deficits observed in MitoPark mice receiving HSCT.
HSCT-Based GDNF Delivery Reduced Fragmentation of Golgi Apparatus in the DA Neurons
In addition to neuronal loss and impaired neurotransmitter release, previous studies have reported subcellular abnormalities in both cellular and mouse models of PD. 43, 44 Overexpression of either wild-type or PD-related mutant a-synuclein disrupts Golgi structures in striatal neurons. 45, 46 To investigate whether impairment of subcellular organelles occurs in MitoPark DA neurons and whether our GDNF delivery exerts a therapeutic effect, we examined the structure of the Golgi apparatus in nigral DA neurons by fluorescent immunohistochemistry using the cis-Golgi matrix protein marker GM130 ( Figure 8 ). GM130 is responsible for connecting distinct Golgi compartments in soma and dendritic branch points. 44, 47, 48 In LT-MSP-GFP-transplanted normal control mice, GM130 staining revealed integrated thick tubular structures primarily stacked at one side of DA neurons, whereas the GM130-positive tubular structures in the LT-MSP-GFP-transplanted MitoPark mice appeared thin and fragmented. Relative to the LT-MSP-GFP-transplanted MitoPark mice, GM130-stained Golgi apparatus in the LT-MSP-hGDNF-2A-GFP-and LT-MSP-hGDNF-transplanted MitoPark mice showed more robust tubular structures and less fragmentation ( Figures 8A  and 8B ), suggesting that the Golgi apparatus in nigral DA neurons of MitoPark mice was protected by our GDNF therapy.
Non-toxic HSCT-Based GDNF Gene Therapy Was Not Associated with Adverse Effects
We did not observe any adverse effects in our previous conventional HSCT-based macrophage-mediated GDNF gene therapy studies. In this study, we monitored mouse body weight and examined H&E-stained tissue sections of the heart, lung, liver, spleen, kidney, ovary, uterus, and pancreas of mice from each group. Body weight was recorded every 2 weeks as a proxy for general health and vitality. The body weight of the LT-MSP-GFP-transplanted normal control mice remained stable throughout the experimental period, as expected. MitoPark mice exhibited progressive loss of body weight with age, which was significantly mitigated in both the LT-MSP-hGDNF-2A-GFP-and LT-MSP-hGDNF groups ( Figure S3 ). Pathological examination of the kidneys and ovaries from GDNF-treated mice demonstrated normal tissue morphology comparable with that of normal control mice. GDNF-treated mice exhibited neither pancreatic acinar-to-ductular metaplasia nor heart abnormalities, such as multifocal degeneration with interstitial fibrosis (Figure S4 ).
DISCUSSION
The major unmet need for patients diagnosed with PD is the development of neuroprotective, disease-modifying therapy. Here, we demonstrated one such potential therapy in the MitoPark mouse model. Non-toxic HSCT-based macrophage-mediated GDNF delivery dramatically ameliorated the loss of TH + dopaminergic neurons, thereby leading to remarkable mitigation of motor and non-motor Parkinsonian symptoms.
Although GDNF-based therapy has strong disease-modifying potential for the treatment of PD, CNS delivery has proven challenging, as peripheral GDNF does not cross the BBB. Macrophages represent a cellular delivery platform that offers targeted GDNF delivery to sites of neurodegeneration. Although an earlier report showed that no donor macrophage infiltration was detected in the CNS of normal HSC recipient mice preconditioned with brain-shielded irradiation, 49 we have reported that donor-derived macrophages are capable of infiltrating the CNS of MitoPark mice, even when the brain was shielded from irradiation during traditional myeloablative conditioning. 24 Consistent with previous findings, robust donor macrophage infiltration occurred in the brain of MitoPark mice when mobilization-based non-toxic pre-conditioning was used instead of irradiation or chemotherapy, which demonstrates that PD-like pathogenesis was sufficient to elicit macrophage infiltration into brain. These results are consistent with reports that left-heart-ventricle-infused macrophages are capable of homing to areas of neurodegeneration in mouse models of both PD and AD. 50, 51 Nevertheless, macrophage infiltration has not been detected in all models of CNS injury, such as facial nerve axotomy. 49 Taken together, peripheral macrophage passage through the BBB and recruitment to sites of injury within the brain is likely disease-dependent and pathogenesis-specific. 41 Critically, whether macrophage infiltration to areas of DA neuron degeneration occurs in PD patients remains unknown. Encouragingly, however, clinical trials of lentiviral HSC gene therapy for X-linked adrenoleukodystrophy (ALD) 52, 53 and metachromatic leukodystrophy (MLD) 54 have been successful, in which macrophages/microglia are believed to be the effector cells delivering therapeutic protein to the CNS. These examples provide evidence in favor of macrophage infiltration in neurodegenerative diseases. Prospectively, a similar approach may be used to deliver specialized neurotrophic factors to treat other types of neurodegenerative diseases. For instance, macrophage-mediated delivery of BDNF to the degenerating brain of Alzheimer's patients may be a promising strategy to treat this devastating disease. Throughout these endeavors, a microglia-specific promoter is highly desired and a recent study has pointed out new perspectives on this strategy. 55 It is worthwhile to note that not only are HSC-derived GDNF-expressing macrophages capable of homing to PD-like brain in mouse models, but systemically infused macrophages can also do so as well. Zhao et al. showed that GDNF-transfected macrophages infused via the left ventricle homed to the inflamed brain and produced potent neuroprotective effects in a 6-hydroxydopamine (6-OHDA) -induced mouse model of PD. 50 In that model, due to the acute nature of the 6-OHDA toxicity, only short-term (21 days) neuroprotection was observed. Considering the chronic nature of human PD, the relatively short lifespan of monocytes, and the dynamic and homeostatic properties of macrophage homing to the CNS, 41 approaches utilizing lineage-committed monocytes may prove challenging. Periodic administration of large numbers of genetically modified cells would be required to sustain long-term GDNF delivery. In contrast, our HSCT-based approach would ensure a continuous source of enhanced macrophages capable of long-term GDNF delivery. Although sustained GDNF delivery to the affected DA neurons may be key to therapeutic success, 56 long-term GDNF overexpression can lead ultimately to decreases in DA levels via downregulation of TH expression. 57 However, in that study the levels of GDNF in SN (2.5-4.5 ng/mg) were 50-fold higher than those reached in our approach ($0.06 ng/mg). 57 The lowest tissue GDNF concentrations that led to DA downregulation were $0.4 ng/mg, 57 which is 5-fold higher than the highest concentration we observed in the present study, suggesting that our approach could provide safe brain GDNF levels to PD subjects. Together, these key features make our HSCderived GDNF-expressing macrophages an attractive cellular vehicle to deliver sustained therapeutic dosing and trophic support directly to the neurons most in need. Of note, systemic administration of GDNF-expressing macrophages of regenerative M2 phenotype may provide short-term benefits, along with the advantage of fading expression if adverse reactions are encountered. 50 Genetic lysosomal or peroxisomal disorders such as MLD and ALD are rare but serious genetic conditions that typically manifest at a young age, justifying conventional bone marrow HSCT treatments in spite of its associated risks. However, the application of conventional chemotherapy/irradiation-based HSCT may not be justified for most PD patients, given their older age profile and disease chronicity. In this report, we provide proof-of-concept evidence in a mouse model for a non-toxic, non-ablative HSCT by manipulating the mobilization and homing mechanisms of HSC physiology. In patients, removal of mobilized endogenous stem cells from the peripheral blood via apheresis immediately before donor cell infusion should allow for even higher engraftment efficiency than in our mouse models, by decreasing competition for niche occupation (as illustrated in Figure 1 ). Recent data questioned the conventional belief that essentially all bone marrow niches are occupied by HSCs in unconditioned mice and argued that the bone marrow contains more habitable niches for HSCs. Nonetheless, these constitutive niches may provide lower accessibility to transplanted HSCs than newly vacated niches. Moreover, we detected only about 1.2% chimerism following HSCT in non-mobilized mice. Because HSCT is one of the fastest growing hospital procedures, maximizing efficiency while minimizing adverse effects is crucial for expanding its application. Based on the literature, current clinical practice, and our animal studies, this novel HSCT procedure, utilizing well-established drugs, is anticipated to have a favorable safety profile in the clinical setting, although further studies are required to more thoroughly investigate its tolerability.
Mobilization-based HSCT was explored previously with limited success. 31, 58 The level of donor chimerism was far lower (9.1%) than observed in our current study ($40%) after three rounds of transplantation. In the previous study, PeP3b mice were used as recipients with C57BL/6J as donors. 31 According to the literature and our unpublished data, PeP3b mice were found to be poor mobilizers compared with C57BL/6J mice, and therefore may be a poor model for the study of mobilization-aided HSCT. In humans, G-CSF-based mobilization regimens have a 70%-95% success rate among healthy donors and patients. 59 The response rates to AMD3100 are even higher, and the combination of G-CSF and AMD3100 reliably results in fewer mobilization failures. 60 Moreover, new mobilizers and optimized procedures are continuously being developed. Taken together, the evidence suggests that effective mobilization and transplantation should be achievable in most patients.
To provide proof of concept for our approach, we chose seven cycles of transplantation to achieve high levels of chimerism. However, fewer cycles may be sufficient for a measurable therapeutic effect on PD, since the level of chimerism per se is less relevant than is delivery of therapeutic levels of GDNF to the DA neurons. In the SNpc of chronic Parkinsonian macaques, microglial cell processes and cell bodies establish contacts with dopaminergic neurites and cell bodies. 61 Intimate contacts of microglial cells with surrounding neurons were found-one microglial cell can touch several neurons, and a neuron can be reached by several microglia. 62 When these macrophages/microglial cells are genetically engineered to secrete GDNF protein, one can envision them (even only a small percentage of the pool) effectively delivering this factor to the nerve cells that require trophic support the most. Moreover, because these studies were performed in mouse models, small body size precluded the use of apheresis to remove competing endogenous HSCs. In larger species, including humans, it is likely that fewer cycles of transplantation would be required to achieve sufficient engraftment of therapeutic HSCs. Moving forward, timely evaluation of therapeutic effects after each cycle of transplant may be conducted to guide decisions on the optimum number of cycles and level of chimerism.
Gene therapy is quickly becoming an established form of medical care with manageable risk. 63 In 2017, the FDA approved the first three gene-therapy products for use in the United States. 63 Given the rapid evolution of this field, it is foreseeable that gene therapy will be a mainstay treatment for many diseases. Although the risk of integrationinduced carcinogenesis, which occurred in early clinical trials of retroviral HSC gene therapy, 64 cannot be entirely discounted, lentiviral HSC gene therapy has enjoyed a relatively safe history thus far. Moreover, the latest genome-editing technologies, CRISPR/Cas9 in particular, provide powerful tools for addressing the possible risk of random integration-related tumorigenesis. 65, 66 Using these technologies, therapeutic GDNF cassettes could be placed in a safe harbor (such as AAVS1) of the genome to enhance the safety profile of the therapy for clinical trials and beyond.
There are some limitations to this study. PD pathogenesis in humans likely involves a combination of genetic and environmental factors. It is thus unlikely there will ever be a single ideal animal model for PD. 67 Available models have contributed greatly to our understanding of the pathophysiology 68 and have led to effective treatment for the motor symptoms. However, when we turn attention to neuroprotection, conventional animal models often lose their ability to predict clinical effects. 69 The MitoPark mouse, which carries a genetic disruption of the mitochondrial transcription factor A (Tfam) gene in DA neurons, 70 was the first animal model to show the slowly progressive but robust degeneration of DA neurons and other essential features seen in PD, including impairment of non-motor functions. Although no PD patient has yet been found with mutations in Tfam, many of the genes affected in the rare familial forms of PD are involved in the regulation of mitochondrial function. 71 Nonetheless, it is not yet clear whether MitoPark mice provide a predictive model for clinical neuroprotection; additional animal models would ideally be tested to verify this GDNF delivery approach for PD.
Lastly, GDNF family receptor alpha (GFRa) receptors are widespread throughout the body, raising possible concern regarding off-target effects of GDNF therapies. Allodynia, constipation, dizziness, muscle spasms, and weight loss were observed in patients who received intracerebroventricular (i.c.v.) injections of GDNF protein. 72 Outside of the CNS, GDNF acts as a kidney morphogen during embryonic development and regulates the differentiation of spermatogonia in the testis. 73 Mice with targeted overexpression of GDNF in undifferentiated spermatogonia tend to develop malignant testicular tumors. 74 Moreover, monoclonal antibody-GDNF fusion was reported to associate with proliferative pancreatic and myocardiocyte lesions. 75 Although our present and previous studies did not observe any of these potential adverse effects during the relatively short experimental period ($5 months), long-term study would be required to address these concerns. Because MitoPark mice have a limited lifespan, wild-type C57BL/6J mice are used in our ongoing long-term investigations. The long-term study will also address two major safety issues surrounding GDNF administration: antibody development and cerebellar pathology. 16 In conclusion, we have demonstrated a neuroprotective/diseasemodifying therapy for PD in the MitoPark mouse model by a combination of novel non-toxic HSCT and macrophage-mediated GDNF delivery to the degenerating neurons. We believe the combination of desirable characteristics offered by our approach represents a major technical/therapeutic advance by offering sustained GDNF delivery directly to the degenerating DA neuron microenvironment. Because macrophage CNS recruitment is unlikely to be affected by brain size, our approach should more reliably translate from animal studies to human clinical trials. Considering the dire need for effective disease-modifying therapy, further pre-clinical investigations, as well as early trials in PD patients, appear to be warranted.
MATERIALS AND METHODS
Mice
Colony founders (GFP-positive, C57BL/6J mice) from the Jackson Laboratory (Bar Harbor, ME, USA) were housed and bred at the UTHSCSA Laboratory Animal Resources facility. MitoPark mice were described previously. 24, 36 Mice were randomly allocated to experimental groups and group size was estimated by power analysis based on our previous behavioral test data to achieve 95% power with a less than 0.05. All mice were group-housed in same-sex, standard shoebox cages within a ventilated caging system and provided with ad libitum access to food and water. The room was maintained at 26 C on a 12-hr light/12-hr dark cycle. All animal care and use procedures were in accordance with the Guide for the Care and Use of Laboratory Animals, 8th edition (National Research Council).
Non-toxic HSCT Regimen
8-week old, female C57BL/6J mice were divided into seven groups (n = 3 per group). Mice from each group received G-CSF (Neupogen, Filgrastim, Amgen, Thousand Oaks, CA, USA) intra-peritoneal injections (125 mg/kg) every 12 hr for 4 consecutive days to mobilize resident HSCs prior to transplantation. AMD3100 (Mozobil, Genzyme, Cambridge, MA, USA) was administered (5 mg/kg) through subcutaneous injection 14 hr after the last dose of G-CSF and 1 hr prior to HSC transplantation. 8-week old GFP + lineage-negative donor cells (2.0 Â 10 6 ) were transplanted into each G-CSF/AMD3100-treated mouse via tail vein injection. This procedure was repeated once every 2 weeks for a number of cycles corresponding to individual group numbers (i.e., group 1 received one transplant, group 2 received two transplant cycles, and so on, with group 7 receiving seven transplant cycles). HSC transplant efficacy was assessed by determination of percentage of GFP-positive cells in peripheral blood by flow cytometry at 1 and 4 months after the last transplantation cycle. Data represent mean ± SD from three animals per different cycle of HSCT group (n = 3).
Construction and Validation of Lentiviral Vectors
Construction of LT-MSP-GFP and LT-MSP-hGDNF (human GDNF) vectors was described previously. 76 The LT-MSP-hGDNF-2A-GFP vector was designed for expressing both hGDNF and GFP at equal levels, allowing the monitoring of the infiltration of transplanted hGDNF-expressing macrophages in mouse brain by tracking their GFP positivity ( Figure S5 ). The vector was assembled using fragments of GFP-T2A and 2A-hGDNF with an 8.4 kb AgeI-BsrGI fragment of the Lenti-MSP-GFP backbone using NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs, Ipswich, MA, USA). The GFP-T2A fragment was amplified by PCR (forward primer: 5 0 -CAGGGAG CACTGGAGGCCACCCAGTATGGTGAGCAAGGGCGAGGA-3 0 , reverse primer: 5 0 -CACGACATCCCATAACTTCATAGGGCCGG GATTCTCCTCCA-3 0 ) and EGFP-2A-luciferase DNA as a template. The 2A-hGDNF fragment was amplified by PCR (forward primer: 5 0 -CCTATGAAGTTATGGGATGTCGTGGC-3 0 , reverse primer: 5 0 -CTAGTAGGATCTGAGTCCGGACTTTCAGATACATCCACA CCTTTTAGCG-3 0 ) and tdTomato-2A-hGDNF DNA as a template. To validate the lentiviral vectors, we individually transfected plasmids LT-MSP-hGDNF-2A-GFP and LT-MSP-GFP into 293T cells followed by determination of GFP expression. The plasmids LT-MSP-GFP, LT-MSP-hGDNF-2A-GFP, and LT-MSP-hGDNF were also separately transfected into the murine macrophage cell line RAW 264.7 (ATCC, Rockville, MD, USA). The culture media containing GDNF produced by RAW 264.7 cells were collected at 48 hr posttransfection, and GDNF concentrations were measured by ELISA. The cytotoxicity of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium ion (MPP + ) and cell viability were measured as previously described. 77, 78 Briefly, human SH-SY5Y neuroblastoma cells (ATCC, Manassas, VA, USA) were cultured at 0.5 Â 10 5 cells per well in 96-well plates and treated with LT-MSP-hGDNF-2A-GFP, LT-MSP-hGDNF, or LT-MSP-GFP medium produced from transfected RAW 264.7 cells for 24 hr, along with parallel control groups of SH-SY5Y cells cultured without vectors. All wells of SH-SY5Y cells were then treated with 300 mM MPP + (Sigma, St. Louis, MO, USA) for 24 hr and cell viability was determined by colorimetric MTT (tetrazolium) assay.
Preparation of Lentivirus
Lentiviruses were prepared as described previously. 76 Briefly, plasmid LT-MSP-hGDNF-2A-GFP, LT-MSP-hGDNF, or LT-MSP-GFP was co-transfected with packaging plasmids pMDLg/pRRE, pRSV/Rev, and pMD 2 G into 293T cells. The culture media containing lentiviral particles were collected at 24 and 48 hr post-transfection, filtered through 0.45 mm pore size filters, and then concentrated 1,000-fold by two rounds of ultracentrifugation at 56,000 Â g for 2 hr and then 72,000 Â g for 1.5 hr. The viral pellets were resuspended in Stem-Pro-34 SFM medium (Invitrogen, Carlsbad, CA, USA) and stored at À80 C until use.
Lentiviral Transduction and Hematopoietic Stem Cell Transplantation
14-week-old recipient MitoPark mice exhibiting motor and non-motor PD-like features and normal control littermates were randomly divided into four groups of 15 animals each. Group 1 (Mito-LT-hGDNF-2A-GFP) mice were transplanted with HSCs that had been transduced with LT-hGDNF-2A-GFP vectors expressing both hGDNF-and GFP cDNAs. Group 2 (Mito-LT-MSP-hGDNF) mice were transplanted with HSCs that had been transduced with LT-MSP-hGDNF vector expressing hGDNF cDNA. Group 3 (Mito-LT-MSP-GFP) and group 4 (normal control-LT-MSP-GFP) mice were transplanted with HSCs that had been transduced with LT-MSP-GFP vector expressing GFP cDNA. Bone marrow cells were harvested from the femurs, tibias, humeri, and hip bones of 12week-old syngeneic non-MitoPark donor mice by flushing the bones with Iscove's Modified Dulbecco's Medium (IMDM) containing 0.5% heparin. After red blood cell lysis, lineage-negative (Lin À ) cells were isolated using the Lineage Cell Depletion kit (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer's protocol. The enriched bone-marrow-derived HSCs (Lin À ) were cultured overnight in StemSpan SFEM II medium (STEMCELL Technologies, Cambridge, MA, USA) supplemented with 50 ng/mL of murine TPO (thrombopoietin), 100 ng/mL of murine SCF (stem cell factor), and 100 ng/mL murine Flt3-Ligand (PeproTech, Rocky Hill, NJ, USA), as previously described. 79 The next day, the harvested cells were centrifuged and resuspended in 800 mL of concentrated viral supernatant supplemented with the aforementioned growth factors. Infections were performed on RetroNectin (Takara, Otsu, Japan) coated plates for 6 hr in the presence of 8 mg/mL of protamine sulfate (Sigma, St. Louis, MO, USA). Following infection, the cells were harvested and washed with StemSpan SFEM II medium, and then 2 Â 10 6 lentiviral transduced cells were transplanted into recipient mice through tail vein injection. This HSCT procedure was repeated once every 2 weeks on each animal group for seven cycles.
Behavioral Tests
The mice were acclimated to the testing room for a minimum of 1 hr prior to behavioral tests. All testing was performed before and after HSCT for each animal by technicians blinded to the mouse group information. Horizontal and vertical locomotor activities were measured using the Photobeam Activity System (San Diego, CA, USA) according to the manufacturer's protocol. The mice were individually placed in a clear polycarbonate testing cage (18 Â 29 Â 12 cm) with approximately 0.5 cm of corncob bedding lining the floor. The horizontal and vertical locomotor activities were recorded for 60 min and assessed in 10-min time bins. Novel-object recogni-tion (NOR) task was tested in a training/testing open field (40 Â 40 Â 38 cm) as previously described. The time spent by each mouse investigating the familiar or novel objects was scored from video records by two blinded observers. A discrimination index was calculated using the following formula: (time exploring novel object/time spent exploring novel + time spent exploring familiar) Â 100. Sucrose preference was measured as previously described. 80, 81 Briefly, the mice were individually housed in a clean plastic cage with approximately 2 cm of corncob bedding lining the floor and allowed ad libitum access to drink from two identical volumetric bottles containing either water or 1% sucrose solution. The positions of the two bottles were switched daily and the bottles were weighed to measure the water or sucrose solution consumption every day for 4 days. Sucrose preference was calculated using the following formula: % sucrose preference = (sucrose solution intake / water intake + sucrose solution intake) Â 100.
Immunohistochemistry
Mice were anesthetized at the termination of experiment and perfused transcardially with 20 mL of PBS, pH 7.4 followed by an equal volume of 4% paraformaldehyde solution. Brains were dissected out and fixed in the same fixative overnight at 4 C. The brains were cryo-protected in sequential 10% (2 hr), 20% (2 hr), and 30% sucrose in PBS solution overnight. The brains were embedded in Tissue-Tek OCT compound (Sakura Finetek USA, Torrance, CA, USA) and processed for cryosectioning at 30 mm thickness in the coronal plane. Four series of slides containing every fourth section were prepared for SN, whereas six series of every sixth section were prepared for striatum. The brain sections were treated with 1% BSA in PBS containing 0.3% Triton X-100 for 30 min and then incubated with rabbit anti-TH antibody (Millipore, Billerica, MA, USA) at 1:1,000 dilution overnight at 4 C. The sections were rinsed with PBS and incubated with biotinylated goat anti-rabbit secondary antibody (1:100) for 1 hr, followed by avidin-biotin peroxidase complex (ABC Elite Kit, Vector Laboratories, Burlingame, CA, USA) at room temperature for 1 hr. The chromogen was either 3-amino-9-ethyl carbazole (AEC Chromogen Kit, Sigma) or 3,3 0 -diaminobenzidine tetrahydrochloride (Liquid DAB Substrate Kit, Invitrogen, Carisbad, CA, USA). DAB-stained midbrain sections were counterstained with cresyl violet and used for DA neuron count. For immunofluorescent staining, the sections were first incubated with either anti-TH or anti-Iba1 (1:1,000, Wako Diagnostics, Richmond, VA, USA) or anti-GM130 (BD Biosciences, San Jose, CA, USA), followed by Alexa Fluor 568 (1:100, Invitrogen) or either Alexa Fluor 350 (1: 100, ThermoFisher) or Alexa Fluor 488 (1:100, Molecular Probes) as secondary antibodies. For quantification of microglia infiltrated into SN and VTA, the midbrain sections from normal control-LT-MSP-GFP, Mito-LT-MSP-GFP, or Mito-LT-hGDNF-2A-GFP mice were double immunostained with sheep anti-TH antibody (Thermo-Fisher, Rockford, IL, USA) and rabbit anti-Iba1 antibody at 1:1,000 dilution, followed by Alexa Fluor 350 and Alexa Fluor 568-conjugated secondary antibodies. The images were captured with a fluorescent microscope (Nikon Eclipse TE2000-U, Nikon Instruments, Melville, NY, USA).
Optical Density
Optical densities (ODs) of the TH-stained fibers in the striatum were measured from digitized images of every sixth section using NIH Im-ageJ software (NIH, Bethesda, MD, USA) by two blinded investigators following the same criteria. The measurements were taken from dorsolateral aspects of the striatum, which receives the majority of innervation from SNpc DA neurons. The relative ODs of TH + fibers in the striatum were calculated by subtracting the background OD from the measured OD of the dorsolateral aspects of the striatum.
ELISA
Plasma was prepared from peripheral blood collected in EDTAtreated tubes. Midbrain tissue containing SN and forebrain tissue containing striatum were dissected out in 1.0 mm thick coronal slices using a mouse brain slicer matrix (Zivic Instruments, Pittsburgh, PA, USA) according to the mouse brain atlas. The brain tissue slices were collected in cryovials, quickly frozen in liquid nitrogen and stored at À80 C until analysis. The frozen tissue samples were homogenized in tissue lysis buffer containing 137 mM NaCl, 20 mM Tris (pH 8.0), 1% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 mg/mL aprotinin, 1 mg/mL leupeptin, and 0.5 mM sodium vanadate at a tissue concentration of 30 mg/mL and centrifuged at 20,000 Â g for 10 min at 4 C. The GDNF concentrations in plasma, SN, and striatum were measured using a commercially available GDNF E max ImmunoAssay System (Promega, Madison, WI, USA), according to the manufacturer's protocol. The assay detects both human and rodent GDNF with pg/mL level sensitivity.
Measurement of DA Content in the Striatum by High-Performance Liquid Chromatography
A 0.5 mm thick slice of coronal forebrain containing striatum was dissected out using a mouse brain slicer matrix (Zivic Instruments, Pittsburgh, PA, USA) and stored at À80 C until analysis. The concentrations of DA, DOPAC, and HVA were determined by high performance liquid chromatography (HPLC) combined with electrochemical detection. The frozen tissues were sonicated in 0.2 mol/L perchloric acid (20% wt/vol) containing 100 ng/mL 3,4-dihydroxybenzylamine (internal standard) and centrifuged at 15,000 Â g for 7 minutes. The supernatant was filtered using a 0.2 mm Nylon-66 filter and a 25 mL aliquot of the filtrate, equivalent to 2.5 mg of tissue, was injected directly into the HPLC/electrochemical system. The mobile phase consisted of 0.07 mol/L potassium phosphate, pH 3.0, 8% methanol, and 1.02 mmol/L 1-heptane sulfonic acid. The concentrations of DA, DOPAC, and HVA were calculated using a curve generated with authentic standards.
Flow Cytometry
Peripheral blood was collected from LT-hGDNF-2A-GFP-and LT-MSP-GFP-transplanted MitoPark mice and LT-MSP-GFP-transplanted non-MitoPark normal control mice. After erythrocytes were lysed with Red Blood Lysing Buffer (Sigma, St. Louis, MO, USA), the GFP-expressing (GFP + ) cells were determined by flow cy-tometry (BD FACSCablibur System, BD Bioscience, San Jose, CA, USA). The peripheral blood samples collected from wild-type C57BL/6J and GFP transgenic mice were used as negative and positive controls, respectively.
Statistical Analysis
The statistical analysis of the data was performed using GraphPad Prism 6.02 (GraphPad Software, LaJolla, CA, USA). Multiple group comparisons were analyzed by two-way ANOVA, followed by post hoc analyses using Bonferroni post-test or one-way ANOVA, followed by Tukey's post-test. Differences among treatment groups were considered statistically significant at p < 0.05.
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